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Abstract 
 
Within the EU Project TFAST DLR has to submit two deliverables in work package 4. These 
contain experimental investigations using several measurement techniques applied at a 
straight turbine cascade. The measurements are divided into two parts. The first deliverable 
includes measurements with and without cooling. The latter contains measurements with one 
of the former cooling configurations and air jet vortex generators (AJVG´s), additionally. This 
deliverable concerns the latter one. The profile contour was designed by RRD and handed 
over at the beginning of the project. Besides, other partners perform numerical simulations for 
these flow cases. The measurements are utilized to compare them with the numerical results.  
The following measurement techniques are applied in this report: 
 Schlieren technique 
 Infrared thermography 
 Wake traverses 
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 Symbols 
A area 
AJVG Air Jet Vortex Generator 
c chord 
CJC Co-Junction-Compensation 
cm coolant mass flow ratio 
DLR German Aerospace Center 
h  blade height 
K NiCr NiAl 
ṁ mass flow 
Ma Mach number 
N, n quantity 
p pressure, probe hole 
PSI Pressure Systems 
px pixel 
R specific gas constant 
RRD Rolls-Royce Deutschland 
t pitch  
T temperature 
u velocity 
x length in flow direction 
y  length in spanwise direction 
Greek Symbols 
α circumferential angle 
β radial angle 
κ heat capacity ratio 
ξ loss coefficient 
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Indices 
ax axial 
c coolant  
EGG Wind tunnel for Straight cascades 
h channel width  
i quantity 
px pixel 
S aerodynamic 
sp  spanwise 
sr right (probe hole) 
std standard variance 
wo upper (probe hole) 
wu lower (probe hole) 
y probe, length in spanwise direction 
0s centre (probe hole) 
01 total condition at inlet 
02 total condition at outlet 
2 static condition at outlet 
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Introduction 
DLR has to submit two deliverables in work package 4. These contain experimental 
investigations using several measurement techniques applied at a straight turbine cascade. The 
measurements are divided into two parts. The first deliverable includes measurements with 
and without cooling. The latter contains measurements with one of the former cooling 
configurations and air jet vortex generators (AJVG´s), additionally. This deliverable concerns 
the latter one. The profile contour was designed by RRD and handed over at the beginning of 
the project. Besides, other partners perform numerical simulations for these flow cases. The 
measurements are utilized to compare them with the numerical results. 
The following measurement techniques are applied in this report: 
 Schlieren technique 
 Infrared thermography 
 Wake traverses 
This report is subdivided in the description of the experimental setup, the metrology and the 
presentation of the measurements which will be done in the chapter “Results and Discussion.”  
Experimental Set-up 
A precise description of the test facility can be found in Petersen2015.  
In this work package three types of high pressure stator blades are investigated. The profile 
contour is the same for every blade type. Solely, the blowing ratio of the blade will be 
adjusted. This report contains investigations about the last blade type. The profile design was 
performed by Rolls-Royce Deutschland (RRD). Table 1 lists the geometric cascade 
parameters. 
Table 1 Geometric parameters of cascade 
chord length [mm] 75  
 pitch [mm] 68.2  
axial chord [mm] 34.66  
throat [mm] 14.56  
blade height [mm] 125  
stagger angle [°] 31.72 
Additionally, RRD delivered the specifications of the Cooling blade, which is the second 
blade type. The Basic and Cooling configuration are shown in Figure 1 (a) and (b). The Basic 
configuration was treated in Petersen2015 and will not be covered in this report furthermore. 
In the cavity the mass flow supply area is highlighted in blue. A black dot in the cavity 
highlights the location of a pressure probe. It ends in the mid of the cavity and this is the 
regulation location for the cavity pressure. 
DLR-IB-AT-GO-2016-31 
2 
 
a) Basic           b) Cooling            c) AJVG 
 
 
d)Cascade 
Figure 1 TFAST profile and cascade 
The last blade type has air jet vortex generators (AJVG) besides of the coolant orifices (Figure 
1 (c)). Position and geometric design was undertaken by IMP PAN. The decision was based 
on findings in Szwaba2013, Flaszyński2011 and Szwaba2011. Figure 1 (d) shows a sketch of 
the test section and the TFAST cascade. Due to the small stagger angle and a long chord five 
blades remain in full flow. The numbers designate the wake traverse measurements to the 
blades. Later explanations about the metrology will refer to this designation. The coolant 
supply delivers air through one pipe. It ends in the test section in a distribution box. The box 
has up to ten outlets. A thermocouple is placed in this box which gives the temperature of the 
coolant flow. The distance of the distribution box to the blade is approximately 2 m. Three 
blades are connected to the cooling supply (see Figure 1 (d)). This includes the measurement 
blade and both blades next to it. Blade number 2 in Figure 1 (d) is the measurement blade. 
Further specifications about the coolant rows are listed in Table 5 and Figure 14. The AJVG´s 
are supplied by an extra pipe. The supply setup is the same as for the cooling cavity. All 
AJVG specifications are listed in Table 2 and depicted in Figure 2. The left image in Figure 2 
is modified from Flaszyński2011. 
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Table 2 AJVG configuration 
Hole diameter [mm] 0.3 
 Theta angle [°] 35 
Alpha angle [°] 65 
Pitch [mm] 4.5 
Relative exit hole position (x/cax) [%] 54.4  
 Length of AJVG hole [mm] 7.3 
 Number of holes in spanwise direction [-] 18 
Space between wall and AJVG holes [mm] 18.5 and 19.6  
Area of AJVG cavity [mm²] 77.89 
Cavity pressure [kPa] 80, 115, 130 
Cavity temperature [K] 300 
Inlet Pressure [kPa] 115 
 
 
 
Figure 2 AJVG configuration [Flaszyński2011, modified] 
The tuning of the Cooling parameters is done by adjusting the cavity pressure in the 
Measurement blade (number 2). In previous measurements a similar behaviour related to the 
mass flow rate was applied. Hence, the coolant flow was fixed here to cm = 1.1%. Those 
parameters are listed in Table 3. 
Table 3 Coolant flow configurations 
cm [%] Cavity pressure [kPa] Mass flow (three blades) [g/s] Discharge coefficient [-] 
1.1  120.7 13.3 0.48 
The table lists cavity pressure and mean mass flow of the supply pipe for the wake 
measurements. The values refer to one blade unless it is otherwise outlined. Additionally, the 
resulting discharge coefficient is listed. The temperature in the distribution box was averaged 
to 297 K. 
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Table 4 shows the flow supply data for the AJVG cavity. The supply temperature has an 
average value of 296 K. 
Table 4 AJVG flow configurations 
cm [%] Cavity pressure [kPa] Mass flow (one blade) [g/s] Discharge coefficient [-] 
0.08 80 0.25 0.71 
0.13 115 0.41 0.83 
0.15 130 0.45 0.83 
Metrology 
In this chapter the applied measurement techniques and its approaches are described. These 
are infrared thermography, Schlieren technique, wake traverses and mass flow measurement. 
Besides of the description for the infrared thermography the residual subchapters are identical 
to those in Petersen2015. They were kept for an easier understanding of the results.  
Figure 3 shows the blade and the normalised geometric dimensions. The positions of the 
coolant orifices and the AJVG exit location are depicted.  
 
Figure 3 TFAST Profile, position of coolant and AJVG rows. 
1. Infrared thermography 
The infrared camera Nikon Laird S270A was taken for the Basic and Cooling measurements 
(Petersen2015). The vacuum of the Stirling cooler vanished before the AJVG measurements 
and reparation was more expensive than a new camera.  
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A new infrared camera was bought from Infra Tec GmbH and applied for this measurement. 
It is a VarioCAM HD and has a resolution of 680*480 pixels. It uses an uncooled 
Microbolometer-FPA (pitch 25 µm) in a spectral range between 7.5 – 14 µm. The highest 
frame rate reaches 60 Hz in full range. The thermal resolution at 303 K is better than 0.03 K 
and the sensitivity is ± 1 K [Infratec2015a]. The calibration is performed by reference of the 
camera and of a calibrated pyrometer at blackbody radiators (distance: 0.5 m) 
[Infratec2015b]. 
The material of the blade is brass. This is necessary to achieve a production tolerance of 
± 2 hundredths on the blade geometric surface. Due to both cavities these production 
tolerances with plastic material are not reachable. The infrared measurements are realised 
with the help of a Polyurethane topcoat over an Epoxy Primer 37035A of the company Akzo. 
The coating was realised in cooperation with AS-EXV from DLR. For the coating a 0.12 mm 
deep pocket on the blade suction side surface was inserted. The pocket starts behind the 
AJVG holes until the trailing edge of the blade. For manufacturing reasons a space of 4 mm 
was left to all edges. In spanwise orientation the pocket does nearly approach the sidewall. 
Those borders are outlined with a dotted rectangle in Figure 4. Additionally, an image of this 
blade is shown in Figure 5. 
The infrared camera was installed behind the Measurement blade. The visible region reaches 
from 59 % to 96 % relative axial chord. The evaluation procedure was slightly refined to 
Petersen2015. In the results the suction side view at 300 K and a temperature distribution will 
be shown. During the measurement a temperature step was induced at a minimum heat ratio 
of 0.05 K/s. The applied approach is based on the description of Fey2006. In this case the 
inlet flow temperature was heated while decreasing the cooling behind the compressor. 
Meanwhile, the infrared camera recorded a video with a resolution of 60 Hz. In a post 
processing procedure the heat ratios were evaluated and all values above 0.05 K/s were 
chosen. Behind each of these values is a full infrared image. The start and end images 
(Theat/Tcold) of the chosen data are divided. A spanwise averaging is performed in the next 
step. Figure 4 assists the explanation. 
 
Figure 4 AJVG Infrared image explanations 
 
Figure 5 Image of AJVG Infrared Blade 
The borders for the temperature distribution are depicted as well in Figure 4. Besides, one can 
see the AJVG holes, the midsection and the marker. The Markers are engraved to relate the 
measurement to the spatial resolution. The markers are close to the side walls on both sides. 
In Figure 4 they stand out in white. Connecting the markers gives the spatial resolution in 
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flow direction. The relation of the pixels and the marker lines is approximated by a 
polynomial function. The correlation coefficient for this function has an amount of 0.99. 
For the temperature distribution 50 pixels from the midsection in both directions were 
averaged: 

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Tratio,sp is now a 2D line This is the temperature distribution. For a comparison with older 
cases, where a defined heat ratio was not applied, it is normalized with the first 10 pixels. This 
explanation can be summarized in the following formula:  
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2. Schlieren visualization 
The arrangement of the Schlieren visualisation at the wind tunnel for straight cascades is 
conventionally and shown in Figure 6, Kost2004. The light source is a flash lamp of the 
company Nanolite (rare gas: Argon). The flash light pulses with a length of 20 µs.  
 
Figure 6 Schlieren arrangement [Kost2004, modified] 
The camera is a Canon EOS 7D with a CMOS sensor. It´s resolution is 2496*3420 pixels. An 
ISO speed of 160 and a shutter speed of 1/400 were applied.  
3. Flow field pressure measurements 
The exit flow conditions were investigated with two multi-hole probes. With a relative axial 
distance of 11.54 % to the blade trailing edge plane a 4-hole Mini probe was deployed. 
51.91 % behind the trailing edge plane a 3-hole Wedge probe was installed. In the upper part 
of Figure 7 a sketch of the probe head is shown. The lower part shows the traverse of each 
probe. Further information about the probe, its calibrations and errors are described in 
Kost2009 and Ren2010. The resulting experimental uncertainties (error bars, basing on a 
95 % confidence level) of the wedge type probe for wake traversing are evaluated within a 
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range of 0.01 for the Mach number, about 0.5° for the flow angle, and about 0.002 for energy 
loss coefficients [Rehder2012].  
 
 
 
Mini probe, Ren2010 
 
Wedge Probe, Kost2009 
Figure 7 Multi hole probes 
The traverse is discretised by a step size of 1 mm. The lower part of Figure 7 shows the start 
positions for the wake positioning for each probe. The measured inhomogeneous data are 
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recalculated to the homogeneous data by applying the equations of conversation of mass, 
momentum and energy, Amecke1995.  
The aerodynamic loss (ξS) is calculated according to Kiock1985. The mass flow coefficient is 
ignored for the calculation of the aerodynamic loss. This was done because all blade flows 
have the same total temperature than the inlet temperature. Hence, an influence of the 
enthalpy is not expected. The main focus lays on the influence of the aerodynamic: 
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The given losses are the homogeneous data around the wake of the measurement blade (2 in 
Figure 7). The homogenization reaches half pitch in each direction of the measurement blade.  
The pressure data were gained by a PSI 8400 system of the company Pressure Systems. The 
sensors are silicon piezoresistive pressure sensors and the static accuracy is ± 0.05 %. The 
thermal zero error is ± 0.06 %/°C and the thermal span error is ± 0.02 %/°C. In this case one 
has a total error of ± 0.85 %. 
4. Mass flow measurement 
The mass flow is measured in one pipe of the coolant supply. The pipe leads to a distribution 
box in the test section. This is already described in chapter Experimental Set-up. The 
mass flow is determined with an orifice plate consider the standards of DIN EN ISO 5167-1/2 
(2003). For the temperature measurement a K-Type thermocouple of the company 
Temperatur Messelemente Hettstedt GmbH was applied. The mineral insulated thermocouple 
has a diameter of 6 mm. The connected multimeter (3706) and screw terminal (3724-ST) are 
manufactured by the company Keithley Instruments Inc.. The Co-Junction-Compensation 
(CJC) is integrated. The pressure data were gauged by a PSI 9010 system of the company 
Pressure Systems. 
The mass flow is calculated according to the following formula [Kiock1985]. : 
 
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The area Apassage includes the channel width were the coolant holes are ejecting the coolant 
mass flow ṁc. The mass flow of each blade ṁc is a third of the mass flow. The mass flow 
coefficient cm is determined as follows:  
h
c
m
m
m
c


 . 
Results and Discussion 
This chapter treats the results of the applied measurement techniques. These are subdivided 
into different subchapters. The metrology has been described previously. Hence, the 
following chapters are solely describing the gained data. 
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1. Flow field measurements 
This chapter contains different measurement techniques to obtain information about the flow 
field. These include Schlieren technique and wake traverses.  
In Figure 8 the results of Schlieren technique are shown. Figure 8 (a) was taken at the Cooling 
case and represents the reference case. Figure 8 (b) to (d) show the Schlieren images at the 
three mass flow rates of the AJVG blade. The alignment of the knife edges is shown in each 
picture. 
    
 
a) Cooling 
 
b) AJVG,  
cm = 0.08% 
 
c) AJVG, 
cm = 0.13% 
 
d) AJVG,  
cm = 0.15% 
Figure 8 Results of Schlieren technique 
Primarily the shock structure will be discussed, afterwards the development of the boundary 
layer and finally the comparison to the coolant blade. Further explanations about the shock 
system can be found in Babinsky2011. The AJVG holes produce weak shocks upstream of the 
throat. One has to mention that this shock looks slightly stronger at cm = 0.13 %. This might 
be an explanation for the expanded low pressure region behind the trailing edge at 
cm = 0.13 %. The different sizes of this region are clearly visible in the images with the knife 
edge parallel to the cascade exit flow. 
In Figure 8 (b-d) from the trailing edge of the upper blade an oblique incidence shock appears 
which reflects on the blade suction surface. The reflection does not clearly look like an 
expansion wave. This indicates the non-existence of a separation bubble. The existence of a 
very weak separation bubble is still possible. Other indicators for this theory are the absence 
of a compression wave upstream of the impingement point and a reattachment shock. There 
are slight changes of contrast level, whose fact indicates a weak appearance of those shocks. 
The reflection of the incidence shock produces downstream reflections itself until a strong 
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normal shock stops them. This strong normal shock shows a highly unsteady behaviour. At 
the trailing edge a second weaker normal shock appears. 
Behind the AJVG holes a thin turbulent boundary layer is visible. The boundary layer 
thickness rises through the incident shock behind the passage and again through the strong 
normal shock closer to the trailing edge. The effect of the AJVG is in all cases those of a 
turbulator. All visible differences of the strong, normal shock between the AJVG cases are 
caused by the unsteadiness. A clear distinction through the different mass flow rates cannot 
unequivocal be declared. 
Compared to Figure 8 (a) the clearest difference is the diminishing of the separation bubble. 
The Cooling blade shows the appearance of a compression shock upstream of the separation 
and a reattachment shock. It does not show a turbulent boundary layer upstream of the 
separation. This indicates next to the compression wave a laminar boundary layer. Behind the 
passage similar effects are observed: Thickening of the boundary layer through shocks, 
appearance of a strong and unsteady normal shock and a second weaker shock at the trailing 
edge.  
The next figures show the results of the probe measurements. All wake traverses were 
undertaken in the midsection. Figure 9 shows total pressure ratio (p02y/p01), Mach number 
(Ma2y) and circumferential angle (α2y) of the Wedge probe. The abscissa refers to the trailing 
edges of the blades and the numbers are outlined in Figure 1 and Figure 7.  
 
Figure 9 Wake traverse, Wedge probe 
The wake traverses for cm = 0.08 % and cm = 0.15 % show minor differences for all items. 
The data of cm = 0.08 % are therefore barely visible. The total pressure ratio of cm = 0.13 % 
shows a distinct shift of the Measurement blade (number 2) wake towards the blade pressure 
side. This effect emerges also in the circumferential angle. At (y-y0)/t ≈ 2.1 higher angles can 
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be seen. The Mach number distribution approves the existence of a strong, unsteady, normal 
shock around (y-y0)/t ≈ 1.7. The unsteadiness is revealed by the distorted Mach number drop. 
For the Cooling case the shock slightly upstream on the suction side appears. The 
circumferential angle of the coolant case shows smaller values than the AJVG cases. 
 
Figure 10 Wake traverse, Mini probe 
Figure 10 depicts the wake traverses of the Mini probe. The traverse is closer to the blade 
trailing edge where the gradients are higher. The wake in the total pressure ratio graph is two 
times deeper and narrower. The wake shape does not differ between the AJVG cases. The 
strong normal shock appears at the Cooling case further upstream but shows a steeper 
gradient than in Figure 9 for Cooling and AJVG. The circumferential angle shows deflections 
at the edges of the wakes in various directions. This is an effect caused by the application of a 
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probe. While one hole sees already the wake is the other one still in the passage flow. This 
gives a fictitious angle change at the wake edges.  
The Mini probe is able to determine the radial angle β2y as well. However, it is sensitive due 
to installation errors in radial direction. The measurement of the setting angle at the probe 
shaft increases the installation accuracy of the circumferential angle (α2y). This cannot be 
realised for the radial angle. Hence, the angle errors of β2y are high especially for different 
cascade installations. This effect appears clearly in Figure 10. If Figure 12 is taken into 
account for the assessment of the radial angle, it can be assumed as zero for the passage. This 
has to be applied for the Cooling case as well. 
In the next Figure 11 the aerodynamic losses ξS, the homogeneous exit circumferential angle 
α2 and the homogeneous exit Mach number Ma2 are depicted. Those results are calculated 
according to the approach in the subchapter “Flow field pressure measurements” of the 
Wedge probe inhomogeneous traverse. The abscissa shows the AJVG mass flow ratio. Hence, 
at cm,AJVG = 0 are the results of the Cooling flow. 
 
Figure 11 Evaluated probe data 
The circumferential angle does not show a significant difference between the four cases. On 
the contrary the development of ξS is unexpected. An insignificant difference can be found 
between the Cooling and at cm,AJVG = 0.08 %. The loss at cm,AJVG = 0.13 % shows a significant 
rise compared to the other results. The Mach number shows a conterminous behaviour. 
The most plausible explanation is the increased size of the low pressure region behind the 
trailing edge at cm,AJVG = 0.13 % which can be seen in the Schlieren images. This is one of the 
most severe loss mechanisms in turbines according to Denton1993. 
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2. Infrared technique 
This chapter shows results of the wall temperature distribution measured by an infrared 
camera. 
 
a) AJVG, cm = 0.08% 
 
b) AJVG, cm = 0.13% 
 
c) AJVG, cm = 0.15% 
Figure 12 Temperature on suction side at 300 K inlet temperature 
The flow in Figure 12 goes from left to right. Explanations are outlined in Figure 4. The 
visibility of the AJVG flow increases with the mass. The images in Figure 12 do not show a 
ratio of two different images. Hence, information about transition is not visible. However, one 
can slightly find the shocks which are outlined in Figure 12 (a) with a solid line for the region 
of the incident shock and a dashed line for the region of the strong normal shock. The 
percentage data are shown by the positions of the maker. The incident shock impinges slightly 
upstream of the solid line. The strong normal shock is unsteady and therefore unclear to 
outline. In all three images a step of temperature level is visible which should be caused by 
this shock. This step is shown in all images at the same position. Behind the AJVG holes 
small triangles are visible behind the beginning of the infrared coating. Here the flow is 
accelerated locally. This indicates the decreased wall temperature. The warmer triangles 
between the AJVG holes are the regions where the AJVG mass flow is still not affecting the 
wall temperature distribution. 
Figure 13 shows the normalized temperature distribution for the AJVG cases next to the 
Cooling case.  
63.2 % 82.2 % 63.2 % 63.2 % 82.2 % 82.2 % 
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Figure 13 Temperature distribution 
The remarkable differences between the Cooling and the AJVG case are caused by a 
comparable low heat ratio for the Cooling case. This makes the shock effects visible for the 
Cooling case. The AJVG does not have remarkable changes in its temperature ratio, which 
confirms the perception of the Schlieren technique, that the transition is induced by the AJVG 
orifices. The slight increase of Tratio at the trailing edge is caused by the thickening of the 
boundary layer.  
Summary 
At transonic flow conditions experimental research was carried out at high pressure turbine 
stator blades in a straight cascade to determine the aerodynamic behaviour. Special emphasis 
is laid on the detection of the transition location. Its influence on the shock wave boundary 
layer interaction is the main research issue at the TFAST project. The main investigation 
assessment for a turbine is the aerodynamic loss. In this work package a special stress to these 
criteria is put. Two cascade set-ups were applied, one with coolant and the other with an extra 
air jet vortex generator (AJVG). The experiments were performed at the Wind Tunnel for 
Straight Cascades at the German Aerospace Centre, Göttingen. The profile geometry was 
designed by Rolls-Royce Deutschland (RRD) to sustain high loads and for relaminarization of 
the boundary layer.  
Information about the flow field was obtained by the application of Schlieren technique and 
wake traverse measurements. The transition location was detected with an infrared camera. 
All measurements were performed at zero incidence angle and the transonic exit Mach 
number ≈ 1.05. The inlet pressure was given at 115 kPa and the inlet temperature at 300 K. As 
there is no emphasis laid on coolant efficiency, but transition location and aerodynamic 
performance, the temperature of the coolant flow is set to inlet temperature. The Reynolds 
number is in the range of Re ≈ 1.1 Mio. 
By application of the cooled cascade three blades were equipped with coolant cavities. Each 
cavity has two coolant rows. One exits at the stagnation point and the second one in the 
acceleration region on the suction side. The next cascade set-up was equipped with an extra 
cavity and AJVG orifices next to the coolant cavity. Those were added to investigate the 
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influence of the AJVG´s. Besides, the coolant pressure in all test cases has an amount of 
120.7 kPa, which gives a coolant mass flow ratio of 1.1 %. The AJVG mass flow ratio was 
varied between 0.08 %, 0.13 % and 0.15 %. 
Subsequently the specific research findings of this investigation are summarized:  
Shock structure 
The AJVG holes produce weak shocks. An oblique incident shock from the trailing edge of 
the upper blade reflects at the blade surface nearly straight. An expansion wave is not clearly 
visible. These shocks reflect downstream between wake and surface until a strong, unsteady, 
normal shock stops them. A second weaker normal shock at the trailing edge can be seen. 
There are no visible differences between the three mass flow ratios in the shock structure.  
Separation 
The separation is clearly diminished by the AJVG´s. The Schlieren images show only weak 
indications for the presence of a separation bubble.  
Transition location 
The boundary layer turns turbulent at the location of the AJVG orifice exit at every case. 
Hence, their function is that of a turbulator. The boundary layer thickens behind every 
occurring shock.  
Turbine loss coefficient 
The AJVG produce higher losses compared to the Cooling case. Especially at cm,AJVG = 0.13 % 
a significant rise of loss appears. At this AJVG mass flow rate slightly stronger compression 
shocks are produced at the throat. This leads to a higher low pressure region behind the 
trailing edge and hence to higher losses. 
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Appendix 
Table 5 Geometric quantities of coolant rows and holes 
Coolant Row Row 1  Row 2 
Hole diameter [mm] 0.9 0.9 
Hole distance/Hole diameter [-] 2.5 2.5 
Hole length/Hole diameter [-] ≈ 5 ≈ 5 
Number of holes [-] 46 46 
Span of row [mm] 101.24 101.24 
Coolant area [10
-4
m²] 1.17 1.17 
Hole angle [°] (bitang.) 90 16.25 
Hole angle [°] (axial) 0 0 
Radial hole angle [°] 0 0 
 
  
Figure 14 TFAST Profile with Cooling cavity 
 
